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Spacecraft Power Management Software for the New Millennium

Peter R. Gluck

Jet Propulsion Laboratory

Cali fornia Insti tute of Technology

4800  Oak  Grove  Dr ive

Pasadena ,  Ca l i fo rn ia  91109 -8099

(818 )  354 -9425  or  (818 )  393 -4440  (FAX)

ABSTRACT
‘1’k  Jet Propulsion l,aboratory ’s (J I’1,’s) New h4illcnniunI

Program (NM}’) is a proving ground  for 21s1 century spacecraft
tcchoologics.  Chief among these technologies is the field of
spacecraft automation. “1’bc NMP Ikcp Space Onc ([)S I ) r]]issiorl
will have Ibc mosL  sophisticated autonomous software ever flown
on robotic spacecraft. An important elen]cnt of ibis soflwarc is
the l’owcr Management System. Since power is a syslcrn
resource, this software spans many mission and spacecraft
systems. It must predict future spacecraft powx  generation, plan
activities within expcctcd  power resources. query on-board
navigation and atlitode control systcrns for position and atlitodc
information (which impact solar power gcncratioo), monitor and
analyze power system state and health, and rliagnosc and respond
to power system failures and cmcrgencics.  ‘1 his paper ckxcritrcs
the 1)S1 I’owx  Management System and its role in the 1)S1
aotonotny software.

TRADITIONAL POWER MANAGEMENT
Since tbc first spacecraft were laoncbcd in the 1950’s,

spacccraf(  power systems have existed and so has the need to
manage them. I’hc first power systems consisted only of a
primary battery. Soon afterward, photovoltaic  systems were
dcvclopcd, which RIVC spacecraft much longer usefol lives. I:or
most orbits, relying on solar insolation for primary power also
rncant having a power storage systcm, usually containing
secondary (rechargeable) tralkrics.

As spacccratl  evolved in complexity, so did the complexity of
managing the power systetn. More payloads and multiple mission
goals necessitated careful planning of power consumption and
power resources. I)cpcndcnce  on solar insolation added the need
for predicting eclipses. Management of night[imc loads required
not only preventing exhaustion of the stored energy, but
maintaining tbc bat[ery’s health to satisfy tbc mission duration.

‘1’o  rncct these needs, the power system analyst has developed
an expansive set of tools and procedures to assist him or her in
maintaining the health and performance of the spacecraft, As
computer technology has advanced, tbcsc tools have increased in
complexity and capability, allowing the analyst to tackle more
and more difticolt tasks.

SPACECRAFT AUTONOMY
Advanced computers have also molted in more capable and

advanced spacecraft systems. Attitude control, data handling, and
fault protection systcrns  all took advantage of improved
processing and rcsourccs.  l;or example, J1’[,’s Voyager probe
Iaunchcd in 1976 bad 64 kilobytes of RAh4 and a clock speed of
Icss than I megahertz. in comparison, the I)eep Space Onc
spacecraft to bc launcbcd in 1998 will have 128 megabytes of
I{AM and a 20 megahertz clock speed. With critically needed
capabilities satisfied, attention has sbiftcd to migrating previously
rnanoal  activities from the groond onto the spacecraft.

Ground activities like navigation and mancover  planning,
con]mand  planning and scqocncirrg,  data summarization, and
fl]ult diagnosis and rccovcry can all potentially be autonomously
handled onboard the spacecraft. Aside from the obvious cost
savings realized by smalkr  operations staffs, there are additional
advantages to placing some of these fonctions on the spacecraft.

I’or deep space probes, there can be several hours of delay in
round-trip con]rnunications  bctwccn  the ground and the
spacecraft, onboard  fault diagnosis and rccovcry so ft}vare can
detect, identify, and rmcdy spacecraft faults, both minor and
critical, in a matter of minutes, possibly saving the mission in the
process. Sun]marizing spacecraft bcaltb and science data onboard
can save valuable downlink  bandwidth by transmitting only the
intcrcstiog  in forn]ation.  I’hc  ability to plan spacecraft activities
onboard allows the spacccraf[  to respond to major instruruent
failures or otbcr  anomalies \vithoot  impacting the remaining
healthy spacecraft systen]s and investigations, In the event of a



major anomaly, the spacecraft can respond qoickly and gcncrak  a
am scqLu31ce of conlmancfs to carry oLlt the rcmrrining possible
mission objcctivcs,

‘1’hc I)ccp Space Onc flight software will contain all of the
above elements, It is qLlitc probably the most advanced spacccratl
software ever flown,

Autonomous Power Management

ALltononloLls  power management combines the fanctions  of
traditional onboard power  n~anrrgcment with the fonctions
normally performed by a power system analys( on the groond.
‘1’mditional onboard fanctions  inciode detection and isolation of
major power short circLrits,  calcLrlation and monitoring of battery
s[ate-of-charge, and monitorirlg of powr systcm component
tcnlpcrtatLlrcs. ‘1’hc  powrcr syskm  analyst is normally rwponsiblc
for command seqocncc  validation, health aa:ilysis,  and faLlll
diagnosis and recovery [ l]. Migrating these fL!nc(ions to the
onboard system means teaching the spacecraft processor how to
accomplish these tasks.

of these three analyst responsibilities, command seqLlcncc
validation is the most important for rrchicving fLtll spacecraft
aLltononly.  health analysis and fault diagnosis arc already
performed onboard many spacecraft to a greater or Irxscr dcgrcc.
While these two aspects of the analyslfs job arc essential, rctining
thcm into a fLllly aLltononloLls  spacecraft is merely a process of
cvol Lltion.  Performing command scq Llence validation onboard,
on the other hand, is a heretofore Lrnlricd tcchniqac.

Command Sequence Validation
~onirnand  seqLlcncc  validation is the IMOCCSS whcrxby  the

spXeCfiifl  analyst confirms that the scqLlencc ofcornrnandsto  bc
cxccLltcd will not cxcccd spacecraft performance Iirnitaliorrs  and
tvill do \vllat is rxpcckd. la particular, the power analyst is
concerned with the power system energy balance and the peak
Syskm load.

I’hcovcrallencr’gy  balance rnLMbcpo sitivcor  thcspacccrafl
will cvcl~tLlal  lydcf~lctc its batlcries, \vtlic}~is LlsLlally arllz~orf,illlt
condition, “1’o have a positive energy balance, the total energy
provided by the solar array ovrx a period of tirnc (anywhere from
one orhit to 00C day, depending on the mission) nlLlst  be greater
than the total spacecraft load and battery discharge after all
SYSICIII  incfticiencies  are accoLrntcd for .  l;orthctnlorc,  thC  pca~

sys(cm  power most not excccd the capability of the systcnl to
clelivcr power to the loads. ‘1’hc  Iirniting factor hcrx is osLMlly  the
sizcofthcrdays, fLrses,  orelcctrical  harness.

In ordcrto check peak powcrand  energy balancc constraints,
the power analyst will usLlally follow sornc variant of the
proccdLm given hcrx:

1.
2.

3.

4.
5,

obtain  the command scqLIcncc  to be val idakd.
I’rcdict the spacecraft load profile (power vs. tinw) tbr the
SCqLIC1lCC.
I’rcdict the soLlrcc power available (power vs. time) dLrring
the scqocnce.
I’rcxiict batkry  Lisagc  dLming the scqLlcncc.
Val idatc that opcratiooal  conskaints  arc not violated.

Load Profile Prediction. I’irst the analyst obtains the
command scq LKncc  to ire validated. lo the early days it was a
hardcopy; today \vc osc electronic files to facilitate data transfer.
Next, the analyst will use the cornrnand scqLlcncc to determine
what the spacecraft load profile is daring the scqLwnce.  For
example, wllcncvcr a Llnit is tarncd on, the load increases. I’hc
sLln] of the power cons Ltnled by all operating Llnits is the
spacecraft load at a given tirnc, and this val Lre changes with time
as cqLripn~cnt  is tLlrncd on and off. Some assLlnlptions n~Lrst
osLlally be rnadc aboot the power consLlnlcd by nondcterrninistic
loads like thermostatically controlled heaters. l’hc analyst
compensates for these assLlnlptions by maintaining additional
margin in the scqoencc validation criteria. Aotornation of this
step is almost trivia I, since most ofthc problem has already been
in~plcmcntcd  ingroLlnd  analysis soft}vare.

Source Power Availability Prediction. “]’hcthirdstcpis
to predict the power available from the power soLrrcc (e.g., a solar
arrt~ycJr r,idioisotopc tl]crrlloclcclric getlerator--IUI 'G). l’hispower
may depend only on agc and tenlpcratLm, as with the K1’G, or it
may involve additional fzictors Iikcradiation  exposorc,spacccrdft
atlitodc, anti fiLngc to the SLrn. Photovoltaic  systems, in partic Lllar,
are sensitive to all of these factors. ]n this COW, predicting the
solar array pcrforrnancc can involve detailed knowledge of the
spacecraft’sposition, attitodc, tenlpcratLlre,  and history.

At first glance, it may appear that this job is entirely too
complicated for an onboard algorithm, which most bc robLNt  and
not overly consLrnlc  spacecraft processing resoorces. }Iowever,
there are some important simplifications which can bc made to
rcdaw  the compkxity  of these predictions,

I:irst, and most important, it is essential to have sample cells on
thcsolararrays. The samplccclls  should becoofigaredto report
the short-c ircLlit torrent and open-circLrit  voltage, either
continLmLlsly or on demand, as WCI1 as CCII tempcratarc.  Note that
this information isosaa[ly  provicbxi anyway so that the groLrnd-
bascd power analyst can perform his or bcr job adeqLrate[y.
Armed with this in-sits information, a history ofthc spacecraft
and knowledge  of its position arc no Iongcr reqLl  ired, since it can
lx safely assLlnlcd  that the spacccrafi’s sLln-range and the array’s
performance will notchangen}Lrch over tbc short and relatively
near period for which the scqL!cncc  is being evalLlatecl,

‘1’cn~peratLlrc  issirnilarly  available on-board, ancisothcoaly
rmaining problcm is knowing the spacecraft’s at(itLldc,  or, more
specifically, the solar array’s attit Lrdc relative to the Slln. }Iere,
again, a simplifying assLrn~ption  can bc made, Most spacccmft
have an attitLldc control rnodc or state w’hich is their “sLrn-
refcrcoccd” state, arlcitllis istyl~ically \vllcrc tllespacccraft  spend
most ofthcirtimc. Off-sari activities are LmLlally short induration
where the spacecraft n~Llst  point in a different direction to, say,
litlc-Llp ttJcerlgille alotlgttlc  ttlrLlsL vcctororpoirlt an instrLlnlcnt
at a target, Once this activity is done, the spacecraft retorns to its
san-rcfcrenccd  state. “1’hcrcforc, for planning pLlrposes,  it is
osaaily  adcqaatc  to assorne  that when  the spacecraft leaves its
san-rcfcrcnccd  state  there is no solar array power availahlc and
the batkrics  sopply the entire load. ‘1’his is conservative, to bc
sore, bLlt allows the ma{or simplification of not tryingto predict
the actaal solar array attltadc onbomd.

So, with the in-sits solar CCII sample telemetry and the simple
ralc that w’hcncver the spacecraft is not San-rcfcrcnccd  the
batteries shoald bc oscd, predicting, solar array performance
komcsa simple arithrncti cexcrcisc easily performed by the
spacecraft processor. The solar cell sarnplcs, along with sornc



known parameters like the curve fill factor, arc used to gcncrtik
the present solar cell 1-V cLmvc. Once the 1-V cLlrvc is availabk,  it
is simply scaled by the known namber of CCIIS to determine the
total power generated by the solar array. l’his value is then
multiplied by a transfer efllciency factor (spccilic to the given
power systcm) to determine the actual power available to the
loads and battery.

For I)ccp Space One, then, the solar array power prediction
process \vill depend on a combination of groond-spccificci
paramckrs,  in-sits nlcasLlrmcnts  and queries to other software
sabsystctns.  I’hc onboard navigation softwarx wil I be qLlcriccl  to
provide the spacecraft’s position in the solar systcm, which can bc
readily transformed into Son ran.gc. ‘1’hc  farthest range for the
seqLlcncc will bc used for planning parposes,  thus providing a
conservative estimate of available power. (Wc coold altcroatcly,
as sLIggcstcd earlier, dispense with knowledge of lhc spacecraft’s
position and simply apply some margin, bLlt since position is
available onboard wc can get a more accLlmtc prediction by using
it.)

‘1’hc  Sun range will also bc used to clctwninc  whether the
spacecraft is inboLlnd towards the SLIn  or oLltboLlnd away from the
SLIn. If oLltboLlnd,  the software will osc the present soiar array
ktnpcraturc  as a conservative estimate (the army will only get
colder, increasing power outpot).  If inboLlnd,  lhcn some
temperature margin (spccificd by the groL!nd as a fLalction of the
Icngth and nearness of the command seqLlcncc) will be added to
the present tcmpcraturc.

AttitLldc control software will report the cxpcctcd spacccrtifl
attitude dLlring  the command scqLlcncc.  “1’his  will bc LISCCi  to
determine the solar array Son angle, which in tLlrn will indicate
whether the array is son-pointed or whether batkxy power will bc
rcq Llircd. Radiation degradation is already fackrrcd into the in-sits
solar array nlcasLa-ments. Any nccdcd parameters (like solar cell
pcrforlnance pzrrsrrncters) will be p r o v i d e d  by the grmund and
updated as reqaired.  It is expected that these Llpdatcs will bc
infreqLlcnt, perhaps every six months or so.

~rcrv Balance Prediction. ‘1’hc  foLlrth step is to predict
the spacecraft energy balance dLlring  the proposed command
scq Llence,  Again, wc can take advantage of three dccadcs of work
deve lop ing  groLlnd analysis tools  which conlpLltc  batlcry
discharge and charge performance. ‘1’hcsc algorithm can simply
bc transferred to the onboard  systcm. AlthoL@l  these programs
arc pcrceivcd as complex and processor in bmsivc, they will rLtn in
a mat(cr of n~inLltm  on modern processors.

I’inally, now that all of the rcqLJisitc  information is available,
the command seqLlcncc may bc validated. The polver Ioa(i prolilc
is chcckcd to verify that no peak power constraints arc violated. If
the onboard process dctcrmincs that the peak power is cxccssivc
at any point, it will simply reject the sequence. Similarly, if the
energy balance prediction indicates that the batkry  discharge will
bc exccssivc,  sLIch that faLllt protection software would bc
activated, or that the battery woLIkl  not get fully recharged within
the allowed pcriocl, then the scqLlence woLlld  bc rcjcctcd on those
groLlnds.  in either case, the onboard planninp,  software most then
modify the scqLlcnce so that the pca!i power problcm is alkviatcd
[2]. l’his will bc accomplished by relocating or abandoning lower

priority goals and activities. If the onboard planning software
Catlt)(~t dCVelOp a viable conlnl:Lnd scqLlcnce, it nlLlst notify
groLald optxations that it is Llnahle to achieve the reqLlested goak

CONCLUSIONS
All of the above tasks arc relatively straightforward, bLlt

computationally  intensive. ‘1’hcy arcthcrcfore  pcrfectiysLlitcd for
compatcrs. In fact, moth of this process has been automated in
groLindsysten~s inrcccnt  years, ’fhconly portions remaining for
the analyst  arc to pLlsh the bLtt(ons  and review the results.
Autonlatingtksc Irrsttmks isthckcy tonlovin gthcscfLmctions
onto the spacccfiift,

(kmputcr technology has now advanced to the level \vhere
pLlt(ing  tksc fLlnctions onboard is not only feasible, bLlt practical,
‘1’hcspacccraft is, after all, in the best position tojLdge  its own
sit Llation, especially when it takes several hours for a radio
message to get to the ground and back, On board planning and
scqLlcncing allows the spacecraft to take advantage of the latest,
best know]cdge of the spacecraft state when generating a
command scqLlence. Ilctteryct,  it allowstbc  spacecraft to react to
unexpected changes in the spacecraft state (e.g., failLa-es), and try
to replan itsacliviticsto  rccovcrsornc,  if not all, ofthc mission
goals.

“1’hrough  these higher levels of spacecraft aLltonon~y, wc can
achicvc the vision of flccts of robotic spacecraft exploring the
solarsystem.  [)ircctcci byonlyafcw,  }ligl]-lc~~el goals, tllcse
spacecraft will bcablcto phm and cxccLltcthcir own command
seqLlcnces to best achicvc the goals rcqucstcd. ‘1’hc sLlpport  staff
on thcgroLald w’ill bcvcrysnlal  l,j LrslenoLlgh pcoplc to receive
and evaluate an occasional report from the spacecraft,
ALltO1lO1llOLIS power SyStelll lllatlagelllCilt  IS as essential tO thiS
vision as the power systcm is to the spacecraft itself,
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